Abstract
Introduction
The early apparatus for Electromagnetic Non Destructive Evaluation (E-NDE or E-NDT) consisted of a circular probe coil whose impedance was measured all over the surface of the metal sheets to be examined. Variations of impedance indicated the presence of flaws [1 to 6] . This method is still very popular, but many efforts are under development to increase its sensitivity. One suggestion has been to replace the impedance value by the resulting magnetic field as the basic signal.
Since the SQUID «Superconducting Quantum Interference Device» is a very attractive sensor of magnetic field intensity, it has been attempted to introduce it in the vicinity of the probe coil [7 to 13] . But, since it is subject to saturation, investigators replaced the circular coil by a double D [14 and 15] . In an excellent paper, Poulakis and Theodoulidis [16] have simplified the equipment by using a double rectangular printed circuit board coil and a SQUID. They have presented such a system, and given a series expansion analysis which is reported in [17] .
In what follows, we present an experimental set up including a double rectangular coil where the SQUID is replaced by a Hall probe which is less sensitive, but may be installed very close to the area to be examined. And we give a simplified analytical model which is simpler than the above quoted one, without loss of accuracy.
Analysis of the coil field
The set up is described in figure 1. In figure 1 (A) , a double rectangular coil printed circuit is shown. In figure 1 (B) , we show a conducting plate of thickness , and the printed circuit above it; a Hall probe is attached as shown.
(A) (B) We first analyze the electromagnetic field created, in free space, by a current of 1.7 flowing in the rectangular double coil. This may be done by integrating the Biot and Savart formula (figure 2 (A))
at a point , where is varied along the two rectangles. As for , for the purpose of this paper, it will be varied in the plane normal to figure 2 (B) and including . We considered that, if ( ! ! ≥ 2), it is enough to evaluate the field as if was infinite (in [18] , the authors make an analogous remark, but adopt
Therefore, the calculation of the coil field is reduced to a fourfold application of the Biot and Savart law for infinitely long conductors [19 to 21] . Those approximations have been carefully checked. In figure 3 , the value of the normal component of the double rectangular coil field, is described for three values ( 2, 8, 22 ) of the vertical distance from the double rectangular plane (current intensity being 1.72 ). There is no significant difference between experimental and theoretical values.
Analysis of the currents induced in flawless plate and of the resulting field
Assume now that the plate in figure 1 .b has a resistivity equal to 5.82 * 10 !! Ω. (Aluminum 3 at 20°); its dimensions in the directions , , are 110, 100, and 5
. The current in the double rectangular coil is 1.72
(as above) and its frequency is 180 . The corresponding skin depth is 9.1 , much larger than the plate thickness. The potential vector is parallel to Ox, and its origin may be chosen arbitrarily. If we take this origin inside the plate, just below the geometrical center of the double rectangular coil, the emf's shown in figure 4 will be clearly defined. Indeed, in figure 5 , the plate is divided into × small elements of resistance !" , easy to evaluate. Let us call the potential difference between the two sides of the plate (equipotential surface). An emf
is created along element ( , ), The sum of the currents in the individual conductors must be zero; therefore, if the current in element ( , ) is !" , we have * + 1 equations:
which determine and the !" 's.
In figure 6 , the result of this analysis is shown for three positions of the double rectangular coil (which is 1 above the plate). Note that, in the present application, !" does not significantly depends on , it means that the induced currents do not depend on the variable z The corresponding component of ! at the center of the double rectangular coil is given in figure 7 . We note that the variation curve of ! is clearly antisymmetric, and cancels at the center of the plate. The edges of the plate are clearly detected. 
Experimental results
The double rectangular coil shown in figure 1 .a was laid upon a glass epoxy substrate with 0.5 thickness. The copper layer thickness is 35µμ ; its width is 1
. The permissible rms value of the current is 1.72 and its frequency is 180 ; the total resistance is 1Ω.
The Hall effect probe has been made by "ITRAN, France". Its surface is a 2.3 ! , its volume is 0.001 ! . The white magnetic field noise is 10 / [24] . A synchronous detection is used, in order to distinguish the very small signal created by the eddy currents from the much larger excitation field. Its sensitivity is 5 /µμ [20] . Its sensitivity is much smaller than the SQUID sensitivity, but it can operate very near the center of the double rectangular coil (the active part of a SQUID must be distant of more than 1 of the same point) [22] .
At the center of the sane plate (−25 ≤ ! ≤ +25 ), the theoretical and experimental values of ! are given in figure 10 at a distance of = 1.5 from the top surface of the plate. Figure 10 shows that the measurement results tally very well with the theoretical one. When there is a calibrated crack at the center of the plate, the predicted component field ! is described in figure 11 (A) for a width = 1 and for four different depths The use of a double rectangular coil with a Hall Effect probe for detecting flaws on the surface of metallic sheets has been validated. In fact, the theoretical calculation and the measurement results are very close. Also, the RF-SQUID has been tested in previous works with the double rectangular coil [25 and 26] and consistent results have been found. In the configuration described in this paper, the use of the Hall probe seems more advantageous than the use of the SQUID. Indeed, the Hall Effect sensor, operating at room temperature, can be positioned very near the center of the double rectangular coil but the active part of our SQUID system is distant of more than 1 of the same point because of the thickness of the cooling Dewar.
Conclusion
In this paper, we describe the development of a simple, but accurate, theoretical treatment of eddy current analysis of planar samples with and without flaws. We have carefully tested the computation technique by eddy current scanning experiments using a Hall probe. The agreement between experimental and theoretical results is very good, showing that our novel model-based calculations describe well the signals obtained when using a double rectangular excitation coil and a Hall Effect probe. 
